Objectives-To develop and evaluate a set of quantifiable elastographic features based on ultrasound real-time strain elastography (SE) in differentiating between benign and malignant breast lesions.
B
reast cancer is the most common malignancy and one of the leading causes of death in females worldwide.
1,2 Conventional B-mode ultrasonography has emerged as an important adjunct to mammography for clinical diagnosis of breast disease, with high sensitivity (typically more than 90%) by using Breast Imaging Reporting and Data System (BI-RADS) categorization. However, low specificity of conventional ultrasound leads to unsatisfactory accuracy in differentiating between benign and malignant breast lesions. 3, 4 Breast cancers generally tend to be stiffer than benign lesions and normal tissues. Therefore, ultrasound elastography, imaging the elastic properties of biological tissue, has proven to be a highly specific, noninvasive method for breast lesion characterization in recent years. [5] [6] [7] [8] [9] [10] [11] [12] Several ultrasound elastography imaging have currently commercialized in clinical application, such as real-time strain elastography (SE), 13 eSie touch elasticity imaging, 14 acoustic radiation force impulse elastography, 15 point shear wave elastography, 16 and shear wave elastography. 17 According to the measured quantity, they can be divided into two types 18 : strain (or displacement) imaging 5, 6, [13] [14] [15] and shear-wave speed imaging1. 16, 17 Shear-wave speed imaging, proposed as a quantitative elastography technique, is widely available in breast clinical examination. 11, 12 The production of the radiation force by a ultrasound probe rather than manual compression means that shear-wave speed imaging is highly reproducible and displays no stress concentration artifacts. 19, 20 However, there is an intrinsic color-map characteristic that propagation of the shear wave reaches the margin of a lesion, and the region is displayed in color, but no shear wave can be detected in the interior, called the "black-hole" phenomenon. 18, 19 Factors producing black-hole may include attenuation of the energy of the shear wave at the margin of the tumor, absorption and reflection of the pushing beam, very high or very low shear wave speed, and no propagation of the through-clear nonviscous liquids. 21 Therefore, this elastography technique showed no improved diagnostic performance than strain imaging in differentiating between benign and malignant breast lesions. 22 Strain imaging is based on the local measurement of tissue displacement induced by manual compression (or cardiovascular/ respiratory pulsation). 18 The axial strain estimates compute the gradient of the displacement estimates and display in the form of a 2D color-coded image that represents the relative elasticity distribution between a lesion and its surrounding normal tissue. 5, 6, 13 The shearstrain estimates provide supplementary information on the bonding between a lesion and the surrounding tissue. [23] [24] [25] The axial strain estimate method was relatively simple and available in many commercial instruments, especially for SE technique. 26 In practice, breast malignancies are generally harder and their areas on color SE images tend to be larger than the hypoechoic abnormality on the corresponding gray scale B-mode images, whereas benign lesions on the SE images tend to appear similar than those on the B-mode images. 8, 14, 27 This property serves as the basis for SE in classifying benign and malignant breast lesions. Several clinical studies have been reported in the literature, and some elasticity features have proven to be useful in clinical diagnosis. 28, 29 Because the SE technique is essentially qualitative and it is difficult to perform quantitative comparisons between cases, the published literature with real-time elastography (RTE) focus mostly on these semi-quantitative interpretations: elasticity score, strain ratio, and elastography to the B-mode lesion-size ratio. 14, 28 The elasticity score classifies the breast SE images into a 5-point scale, according to the visual degree and uniformity of the strain depicted inside a lesion and its surrounding tissue, with a larger score indicating a higher malignancy risk. 8 The strain ratio is proposed to compare the elasticity differences between a lesion and the normal fatty tissue, which enables the differentiation of malignancies with relatively considerable changes to the normal fatty tissue. 28 The elastography to the B-mode lesion size ratio is a type of index that represents the lesion size (length, width, or area) on elastography to that on the B-mode image. 29 These features all show satisfactory results in differentiating between benign and malignant breast lesions. However, the SE images are evaluated mostly by the examiners, resulting in significant interobserver variability. 30 Moreover, the elasticity properties of a lesion are measured primarily by using a limited round box placed at a lesion central rather than mapping out the extent of the area with abnormal elasticity. Values are significantly influenced by local stiff artifact, resulting in a considerable part of false-positive findings. Computer-aided evaluation with SE may provide further elasticity information for breast characterization and has the potential to improve the diagnostic confidence.
The purpose of this study was to develop a set of quantifiable elastographic features based on SE and evaluate their diagnostic performances in differentiating between benign and malignant breast lesions. By using a computer-aided tool, the elasticity data of each pixel of color SE image was reconstructed and divided into two categories (stiff and soft) by using the fuzzy c-means (FCM) clustering algorithm. Next, several elastographic features were quantified and compared. The BI-RADS assessment was used to compare the performance between conventional B-mode ultrasound and SE. Histopathologic results were used as the reference standard. 
Materials and Methods

Patients
Ultrasound Image Acquisition
Conventional B-mode and SE images were obtained using the HITACHI HI VISION Preirus scanner equipped with a 5-to 13-MHz linear array broadband probe (Hitachi Medical, Tokyo, Japan) by one of two skilled radiologists who had 10 to 20 years of experience in breast ultrasound and at least 6 months of experience in acquiring and interpreting SE images. The probe was applied lightly on the skin surface over the lesion during a breath-hold. The pressure and compression frequency-indicating bar was displayed as 2 to 3 during examination. It is important to keep hands vertical with minimal compression or vibration, which results in approximately less than 1% tissue strain to produce a high-quality SE image. 18, 31, 32 The SE images were acquired at a plane that showed the largest diameter of the breast lesion. A region of interest (ROI) box was set centered on the target lesion, and its surrounding areas were adequately imaged (including subcutaneous fat, parenchyma, and pectoral muscle). After a standard scan, both B-mode and SE images were simultaneously displayed on a monitor, with the gray scale B-mode image on the right and the translucent 256-color-coded SE image superimposed on the corresponding B-mode image on the left. The probe was removed and reapplied between each acquisition by the same radiologist in the same imaging plane. Three separate and representative ultrasound images of each patient were captured, and the mean value was used for analysis.
B-mode Image Evaluation
The B-mode image of each patient was initially assigned according to BI-RADS categorization by one of three radiologists, who were blinded to final elastographic and histopathologic results. The BI-RADS categories (category 1, negative; category 2, benign; category 3, probably benign; category 4a, low suspicion; category 4b, intermediate suspicion; category 4c, moderate suspicion; category 5, highly suggestive of malignancy) 33 and visual assessments were recorded. The BI-RADS category 4a or higher was considered test positive for malignancy.
Elastography Image Evaluation
The SE elastographic features were quantified by using MATLAB software (The MathWorks, Natick, MA). The procedure was programmed by the investigator who had 4 years of experience in computer-aided diagnosis applied to breast ultrasound, and was blinded to the final histopathologic results. The major stages were as follows: First, the hypoechoic lesion on gray scale Bmode image was located and its complete contour was outlined by the radiologist ( Figure 1A ). The lesion contour was subsequently mapped on the corresponding color SE image. Second, the elasticity value of each pixel within the ROI box was reconstructed by computing the hue value from the color SE image with red-green-blue (RGB) format as follows 27, 34 :
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where R, G, and B are the red, green, and blue values for a pixel of the color SE image. After performing a pixelby-pixel translation, the original color elasticity image is transformed from RGB space into a matrix of hue value. Then the matrix representing the elasticity information was divided into two categories (stiff and soft) by using a FCM clustering method 35 ( Figure 1B ). The cluster number was set to 2 and the termination criterion was set to 10
25
. Next, four elastographic features were respectively quantified as follows:
Lesion stiffness degree (E lsd )
This feature represented the degree and distribution of stiff portion inside the lesion area ( Figure 1C ) and was defined as
where N lesion is the total number of pixels within the mapped lesion contour (hypoechoic lesion), and N lstiff is the number of stiff pixels within the lesion contour area.
Elasticity score (E score )
This feature represented the uniformity of strain (balance of green and blue) inside a lesion and its surrounding tissue ( Figure 1D ). A morphological dilating algorithm was used to create a rim around the mapped lesion contour on the color SE image, including adjacent tissue, adequately regarded as the peri-lesion region, and its stiffness degree was given by
where N perilesion is the total number of pixels within the peri-lesion region, and N pstiff is the number of stiff pixels within the peri-lesion region. Next, a score from 1 to 5 was assigned according to the values of E lsd and E psd as follows: score 1, E lsd 20%, which denoted almost the entire lesion, was soft; score 2, 20% < E lsd 50%, which denoted the lesion, had a mixed pattern and most of the area was soft; core 3, 50% < E lsd 80%, which denoted the stiff area, was slightly larger; core 4, E lsd > 80% and E psd 50%, which denoted almost the entire lesion, was stiff, but the peri-lesion region was not included; core 5, E lsd > 80% and E psd > 50%, which denoted both the lesion and peri-lesion region, were stiff. 3. Lesion-to-fat strain ratio (E srat )
This feature compared the strain differences between a lesion and its surrounding normal fatty tissue, which was the ratio of mean strain in the lesion contour to that of the normal fatty tissue ( Figure  1E ), and was calculated using the following formulas:
Eði; jÞ
where E(i, j) is the reconstructed elasticity value of pixel (i, j); N lesion is the number of pixels within the lesion contour; and E lmean is the mean elasticity value of the lesion area. A round box with 2 mm diameter, defined by the electronic cursor, was placed at the normal fatty tissue. N round is the number of pixels within the round box; and N fmean represents the mean elasticity value of the normal fatty tissue.
Elastography-to-B-mode lesion area ratio (E arat )
This feature compared the sizes of the stiff area (blue) on the color SE image to the hypoechoic area on the corresponding gray scale B-mode image ( Figure 1F ). E arat was measured in the same position on the both images and was defined as
where M lesion is the number of stiff pixels over the lesion position depicted in the abnormal stiff area on the SE image; and N lesion is the number of pixels within the hypoechoic lesion contour on the Bmode image.
Reference Standard
Histopathologic diagnoses were performed in all breast lesions using core-needle biopsy or surgical excision, by one of two pathologists who had 10 to 25 years of experience in breast pathology and were blinded to ultrasound findings. In these latter cases, the final results were used as the reference standard (Table 1) .
Statistical Analysis
The mean values and standard deviation (SD) of quantifiable SE features were respectively calculated according to the final histopathologic results. Differences between the values of these features for two independent benign and malignant groups were compared statistically by using the student's t-test. The optimal cut-off points were determined by using the maximal Youden index.
Diagnostic performances were respectively evaluated and compared with sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and receiver operating characteristic (ROC) curve analysis for three data sets (conventional B-mode ultrasound alone, SE features alone, combined SE features). The logistic regression model was used to perform an analysis of combing all SE features. A paired comparison of proportions (sensitivity and specificity) was performed using the McNemar test. 36 Differences between the normalized areas under the ROC curve (AUCs) were compared using z values.
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A two-tailed P-value of less than .05, indicating a statistically significant difference, and 95% confidence intervals (CIs) were used. The ROC analysis was performed using MedCalc software (MedCalc Software, Mariakerke, Belgium). Statistical analyses other than ROC analysis were performed using SPSS version 19.0 software (SPSS, Chicago, IL).
Results
Histopathologic Diagnoses
A total of 226 patients with 226 breast lesions were evaluated in this study. There were 145 benign lesions (64.2%) and 81 malignant lesions (35.8%). The sizes of benign lesions determined on the B-mode images ranged from 6.4 to 60.0 mm (mean size, 17.4 mm), whereas the sizes of malignancies ranged from 5.1 to 42.5 mm (mean size, 21.6 mm). The histopathologic subtypes are listed in Table 1 . 
Quantifiable SE Features
Values of four SE features (E score , E lsd , E srat , and E arat ) quantified by using the computer-aided tool were all significantly different between benign and malignant breast lesions (all P < .001) (Figures 2 and 3 and Table 2 ). The distributions of elasticity score (E score ) for benign and malignant lesions in each subtype are respectively summarized in Figure 2 . The assessment of 226 patients was as follows: core 1 in 24 cases with malignant rate of 0% (0 of 24); core 2 in 72 cases with malignant rate of 1.4% (1 of 72); core 3 in 43 cases with malignant rate of 14.0% (6 of 43); core Table 3 ).
The strain ratio (E srat ) was significantly higher for malignancies with the mean value of 6.5 6 4.1 than for benign ones with the mean value of 2.4 6 1.1. Using the optimal cut-off point of 3.8, the feature E srat had a sensitivity of 82.7% (67 of 81) and a specificity of 92.4% (134 of 145). Areas of malignancies on the SE image were larger than those on the corresponding B-mode image, with E arat of 1.9 6 0.8, whereas the benign ones were smaller with E arat of 0.7 6 0.4. Using the optimal cut-off point of 1.0, the feature E arat had a sensitivity of 91.4% (74 of 81) and a specificity of 88.3% (128 of Figure 6 ). Notes: Category 4a and higher are considered as positive for malignancy. For sensitivity, specificity, PPV and NPV, the data are presented as percentages; percentages are rounded. Data in parentheses are 95% CI; data in brackets are raw data. For AUC, the data in parentheses are 95% CI.
a P value indicates a significant difference between the AUC values of conventional B-mode ultrasound and other assessments (RTE features alone and combined RTE features).
b The logistic regression model was used to perform the analysis of combining all four RTE features. Figure 6 . Receiver operating characteristic curves for BI-RADS assessment and logistic regression model combining SE parameters.
Discussion
As a qualitative elastography technique, SE has been used as a valuable noninvasive tool for clinical diagnosis of breast disease. However, significant interobserver variability and nonuniform diagnostic criteria limit its utility in differentiating between benign and malignant breast lesions. This study proposed a set of quantifiable elastographic features based on SE by using a computer-aided tool applied to the HI VISION Preirus system (Hitachi, Tokyo, Japan), which could interpret SE image of breast lesion more accurately and objectively than visual assessments that depend highly on the radiologist's experience. 38 There was no direct manual evaluation of the SE image. The observers only needed to figure out the lesion contour and the position of the normal fatty tissue on conventional B-mode ultrasound image, which is relatively easy and skillful. Therefore, the interobserver reproducibility was at least as good as that of B-mode assessment. With combined information of both conventional B-mode (lesion extent and orientation) and elastography images (relative elasticity distribution), the SE features provided further characterization for elasticity properties of breast lesions.
In our group with 226 patients, the four proposed SE features all exhibited a satisfactory discriminating ability in breast lesion differentiation, with significantly different values between benign and malignant lesions (all P < .001). These features could be classified into two categories. The first category included E score , E lsd , and E arat . These features reflected the size change and distribution of elastic abnormality (balance of soft and stiff) on the SE image, which were independent of the colorcoded display method and were available in other systems. The other category was E srat , which evaluated how much stiffer a lesion was compared with the normal fatty tissue. The variation of the color reflects different elasticity magnitude, and the translation between them should be clear. In the first category, the three features were proposed according to the extent of the target area. The E arat focused on the entire stiff area (blue) in the lesion position, which was much larger than the hypoechoic lesion on the corresponding B-mode image in our experience. The individual E arat with optimal cut-off value of 1.0 yielded good diagnostic performance with the AUC of 0.951 (95% CI: 0.914, 0.975). However, when a fibroadenoma or fibrocystic lesion arose in dense tissue, the lesion and its surrounding normal dense tissue would be mistaken as one lesion, resulting in a falsepositive finding. 9 Therefore, the E arat had the lowest specificity of 88.3% among all of the SE features. The E score considered the hypoechoic lesion and its adjacent surrounding area. As the most well-established feature with SE, the E score also showed satisfactory diagnostic performance in this study with the AUC of 0.939 (95% CI: 0.899, 0.966). Of note, in the 81 breast malignancies, 68 cases (84.0% [68 of 81]) were assigned a score of 5. The results indicated that most malignancies lead to increased stiffness in both the hypoechoic lesion and its surrounding area, which agree with a property that malignancies are usually characterized by firm desmoplastic reactions with the surrounding tissue because of infiltration of cancer cells into the interstitial tissues or into an intraductal component. 1 In addition, only one malignancy had a score of 1 or 2 (1.2% [1 of 81]), which suggested that unnecessary biopsy may be avoided for the patients who have breast lesions with a score of 1 or 2. The E lsd only aimed at the hypoechoic lesion area itself and exhibited the best diagnostic performance, with the best sensitivity of 93.8% (76 of 81) and AUC of 0.962 (95% CI: 0.828, 0.983) among all of the SE features. The E srat feature in other categories had almost the comparable diagnostic performance as the previously mentioned features for breast lesion classification (AUCs: 0.927 versus 0.951; 0.939 and 0.962; all P > .05). The logistic regression model, which combines all four features that make full use of elasticity information, allowed the best diagnostic performance, with the AUC value up to 0.988 (95% CI: 0.964, 0.998).
The BI-RADS categorization based on conventional B-mode ultrasound was used for comparison in this study. The evaluation with any individual SE feature alone significantly improved specificities (all P < .001) without loss of sensitivity (all P > .05) compared with conventional ultrasound alone, which was consistent with the previous studies. 4, 5, 8, 9 The z values showed that single elastographic feature had comparable diagnostic performance to conventional ultrasound in differentiating between benign and malignant breast lesions (all P > 0.05). The combined model provided significantly increased AUC compared with BI-RADS categorization (0.988 versus 0.921; P < .001), which indicated that evaluation with SE alone improved the differential diagnosis of breast lesions compared with conventional ultrasound alone.
By using the combined model, there were still 5 (6.2% [5 of 81] ) malignant lesions that showed falsenegative findings, including 3 cases of invasive ductal carcinoma, 1 case of ductal carcinoma in situ, and 1 cases of mucinous carcinoma, whereas there were 7 (4.8% [7 of 145] ) benign ones that showed falsepositive findings, including 3 cases of fibroadenoma, 2 cases of abscess, 1 case of fibrocystic change, and 1 case of benign phyllodes tumor. Factors producing false results were investigated. Of the 5 false-negative cases, 2 invasive ductal carcinomas had a larger lesion size of more than 20 mm. One early-stage malignancy (a grade 1 invasive ductal carcinoma) and one noninvasive malignancy (a ductal carcinoma in situ) had intrinsic soft characteristics. Of the 7 falsepositive cases, 5 benign lesions had a smaller lesion size of less than 10 mm. One lesion was next to the thoracic wall and one lesion had stiff surrounding tissue, resulting in higher values of SE features. Lesion size had a significant effect in elasticity evaluation in this study, influencing the mean stiffness (green) in the ROI. According to the principle of the SE technique, as the lesion size increases, its surrounding normal soft tissue is not adequately imaged because of limited ROI box, making the number of stiff pixels decrease and possibly causing false negatives. As the lesion size decreases, too many surrounding normal soft tissues are included in ROI box, making a benign lesion appear stiffer and possibly causing false positives. Moreover, stiff surrounding tissue may hinder the displacement in the interior of a lesion and possibly cause false positives.
However, there were still some limitations in our study. First, in SE image acquisition, when strain is less than 1%, stability and reproducibility can be achieved even if the level of compression fluctuates, because it is within the linear range. When suffering from seriously distorted signals induced by excessive/nonuniform applied compression, the strain estimators degrades rapidly as a result of nonlinearity, 39 resulting in bad signalto-noise ratio, 40 false contrast of the lesion, 41 and stress concentration, 19 which all influence the quality of SE image and consequently the values of the elastographic features. To reduce technical errors, all radiologists should strictly observe the same standard operation procedure. The mean value of three separate acquisitions were used for analysis. Second, the computer-aided tool took effect only when the abnormalities were visible on B-mode and SE images, when their contours could be outlined completely. The reconstructed elasticity values may have quantization errors. Third, using the FCM algorithm, an SE image was divided into several stiff regions. This study considered only the region related to the hypoechoic abnormality on the corresponding B-mode image, and may lead to false-negative findings. Fourth, an imaging plane that showed the largest diameter of a breast lesion was analyzed. Orthogonal plane or 3D images may give more information for lesion characterization. Fifth, a small number of cases that showed confusing elastographic findings cannot be differentiated correctly. This study only evaluated the diagnostic performance of elastographic features alone. The combination of conventional B-mode ultrasound assessment and SE features may avoid unnecessary biopsy and improve patient management. Moreover, the diagnostic criterion was obtained according to our limited group, and observer variability was not evaluated. Similar studies should be performed in multiple centers on a large number of patients.
In conclusion, the results of quantifiable elastographic features validated that increased stiffness presented in a lesion and its surrounding tissue could be used as positive findings for breast lesion characterization. Evaluation using SE features could significantly improve the specificity without loss of sensitivity in differentiating between benign and malignant breast lesions, compared with conventional B-mode ultrasound. Further studies on a large number of patients and guidelines on the clinical use are needed to verify the reliability and generalizability of our study.
